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Motl is an essential, conserved TATA-binding protein
(TBP)-associated factor in Saccharomyces cerevisiae and a
member of the Snf2/Swi2 ATPase family. Motl uses ATP
hydrolysis to displace TBP from DNA, an activity that can be
readily reconciled with its global role in gene repression. Less
well understood is how Mot1 directly activates gene expression.
It has been suggested that Mot1-mediated activation can occur
by displacement of inactive TBP-containing complexes from
promoters, thereby permitting assembly of functional tran-
scription complexes. Motl may also activate transcription by
other mechanisms that have not yet been defined. A gap in our
understanding has been the absence of biochemical information
related to the activity of Motl on natural target genes. Using
URA1 as a model Motl-activated promoter, we show striking
differences in the way that both TBP and Motl interact with
DNA compared with other model DNA substrates analyzed pre-
viously. These differences are due at least in part to the propen-
sity of TBP alone to bind to the LJRA1 promoter in the wrong
orientation to direct appropriate assembly of the L/RA 1 preini-
tiation complex. The results suggest that Mot1-mediated acti-
vation of URA1 transcription involves at least two steps, one of
which is the removal of TBP bound to the promoter in the oppo-
site orientation required for URA1 transcription.

The TATA-binding protein (TBP)?is a central component of
the RNA polymerase II (pol II) preinitiation complex (PIC)
(1-3). Transcription can be regulated during many different
steps in PIC assembly, but the regulation of TBP binding to
promoters is a fundamentally important step exploited for reg-
ulation of a large number of genes (4, 5). TBP is a saddle-shaped
protein that interacts with DNA as a monomer (6, 7). Because
TBP can straddle DNA in either of two directions, its binding
polarity determines the orientation of the assembled PIC and
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hence the direction in which transcription initiates (8). TBP
recruitment to promoters is regulated by chromatin, activators,
and co-activators that contact TBP directly, and general factors
that modulate TBP binding and activity (1, 2, 4, 9-11).

NC2 and Motl are essential, conserved regulators of TBP
function that cooperate to regulate gene expression on a global
scale (12—14). NC2, a heterodimer of the Bur6 and Ydr1 sub-
units in yeast (15), interacts with the TBP-DNA complex and
can block subsequent steps in PIC assembly (16). NC2 is also a
direct activator of gene expression (17) that is found at promot-
ers in vivo in proportion to the level of transcription (14). How
this apparent negative regulator of transcription functions as an
activator is likely related to the recent observation that NC2
binding can allow TBP to relocalize along the DNA contour
(18). Such mobilization of TBP may be critical for clearance of
TBP from inactive but high affinity sites, and may facilitate
selection of appropriate TATA sequences among a collection of
binding sites along accessible promoter DNA. Motl is a mem-
ber of the Snf2/Swi2 ATPase family (19, 20). Like NC2, it also
interacts directly with TBP and regulates TBP binding. How-
ever, Motl uses a completely different mechanism; ATP
hydrolysis by Mot1 catalyzes TBP-DNA dissociation (21).

TBP is unusual among DNA-binding proteins that bind
duplex DNA with high affinity in that it binds both defined
TATA boxes as well as repetitive TpA sequences (22). Its high
affinity results in a long lifetime that compensates for slow asso-
ciation (23). The stability of TBP binding to DNA is critical for
nucleation of the pol II PIC at TATA-containing promoters,
but the plethora of “TATA-like” sequences in the genome com-
plicates the discrimination of bona fide core promoters from
spurious sites. The solution to ensuring high TBP mobility in
the face of the requirement for stable DNA binding apparently
involves the combined action of NC2, which mobilizes TBP
along DNA, and Mot1, which uses ATP to eject it. Many NC2-
and Motl-regulated promoters are repressed by these factors,
but paradoxically, a great number of promoters require these
factors for transcriptional activation (13, 14, 24, 25). The ability
of NC2 to facilitate TBP diffusion along the DNA length can in
principle explain how it activates or represses transcription,
depending on the sequence and chromatin context. Although
TBP-DNA dissociation activity of Motl can explain how it
represses transcription, how it activates transcription is much
less well understood.

We previously showed that a mutation in MOT1I increases
TBP occupancy at Mot1-activated promoters in vivo (26). This
increase in TBP occupancy was in contrast to the decrease in
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occupancy observed for other PIC components, including
TFIIB, TAFs, and pol II (26). These results are consistent with
the idea that Motl is required to remove a transcriptionally
inactive, kinetically trapped TBP-containing complex. Removal
of such complexes would stimulate transcription by allowing
additional cycles of TBP binding to occur in a timely fashion,
with active TBP-containing complexes being stabilized against
Mot1 action by binding of other PIC components. However, the
results do not rule out the possibility that Mot1 functions as a
co-activator, which facilitates PIC assembly subsequent to TBP
binding in some novel way.

In parallel to the in vivo studies, biochemical approaches
have provided insight into the architecture of the Mot1-TBP-
DNA complex and the mechanism of TBP-DNA dissociation
catalyzed by the enzyme. Analyses of different DNA templates,
Motl mutants, footprinting, and cross-linking have established
that although Mot1 has no detectable DNA binding on its own,
in the absence of ATDP, it forms a ternary complex with TBP and
DNA via interaction with residues in TBP and contact with base
pairs within an ~17-bp region upstream of the TATA box (27—
29). The length of the upstream DNA region is about what
would be expected if the Motl ATPase docks onto DNA in a
manner similar to that of a highly related ATPase, SsoRad54
(30).

ATP hydrolysis by Mot1 greatly accelerates the dissociation
of TBP from DNA. Combined biochemical, mutational, and
model building studies suggest that the ATPase catalytic mech-
anism involves translocation along DNA, and displacement of
TBP by Motl may occur by translocation through the TBP-
DNA interface (31). One surprising observation was that even
in the absence of ATP, almost half of the ternary complexes
have stabilities that are much reduced compared with TBP-
DNA alone, whereas the remaining ternary complexes were
very stable, and ATP hydrolysis was required to disassemble
them (31). The heterogeneity in ternary complex stability was
interpreted to reflect conformational heterogeneity in the
Motl ATPase itself, which may be related to conformational
changes driven by ATP binding and hydrolysis (31).

Although the existing biochemical data have provided
insight into the Motl catalytic mechanism, what is missing is a
link between the biochemical results and the function of Mot1
at natural, Motl-activated target promoters. Most of the bio-
chemical studies of Motl action have been performed using
variants of the adenovirus major late promoter (AdMLP),
which was advantageous because it provides a unique, well
characterized, high affinity TBP-binding site. However, it is
clear that core promoters have different properties in vitro and
in vivo (32), and the extent to which promoter sequence influ-
ences Mot1 activity, or perhaps even confers novel biochemical
activity upon the enzyme, has not been investigated. Here we
show that the basic biochemical understanding of Motl bind-
ing and catalytic activity obtained using TBP bound to AAMLP-
derived templates is well supported by analyses of the activity of
Motl on the Saccharomyces cerevisiae URAI promoter, a nat-
ural Motl-activated target promoter. However, the results also
reveal multiple differences in Motl1 function at L/RA I, indicat-
ing that the core promoter sequence strongly influences Mot1
activity and suggesting that Mot1-mediated activation of URA I
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transcription involves at least two separate activities of Motl.
Surprisingly, we show that TBP tends to bind to the URAI
TATA box with the wrong polarity to support URAI PIC for-
mation, suggesting that displacement of TBP bound to the pro-
moter in the reverse orientation by Mot1 is one critical aspect of
its activation function.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Growth Conditions—S. cerevi-
siae strains used for the in vivo analyses are derivatives of
YPH499 (33) and were described previously (13, 34). MOT1
shuffling strains were transformed with plasmids carrying the
indicated MOT1 alleles and plated on 5-FOA to select for loss of
the URA3-marked MOT1I plasmid. For the experiments in Fig.
9, MOT1 shuffling strains were transformed with two plasmids,
one carrying MOT1I and the other SPT15, prior to selection on
5-FOA. TBP plasmids (35) were obtained from Karen Arndt
and are as follows: pJVS49 (TBP A100P), pJVS50 (TBP P191A),
and pJVS54 (TBP A100P, P191A). A yeast plasmid expressing
TBPm3 (36) was obtained from Kevin Struhl. For growth
assays, spots are 10-fold serial dilutions of the indicated strains
grown at 30 °C for 2—-3 days. For Northern blotting, cells were
grown at 30 °C to an OD ~1.0. The temperature was then rap-
idly switched to 35 °C by addition of an equal volume of pre-
warmed 40 °C media and heat-shocked at 35 °C for 45 min.
Cells were then harvested for isolation of total RNA as
described below.

RNA Isolation and Northern Blotting—Total RNA was iso-
lated using hot acid-phenol extraction (37). For Northern blots,
20 pg of total RNA was separated by electrophoresis on 1%
formaldehyde gels and transferred to a nylon membrane (Nyt-
ran, Schleicher & Schuell). DNA probes were generated by ran-
dom priming of PCR products amplified from a portion of the
indicated open reading frames. Blots were hybridized overnight
in low stringency hybridization solution (30% formamide, 4X
SSC, 10 mm EDTA, 0.25 mg/ml RNA, 10% dextran sulfate, 1X
Denhardt’s, 5% SDS) and washed twice for 15 min, followed by
1 h with 0.1X SSC, 0.1% SDS. Bands were detected by autora-
diography and visualized using a PhosphorImager. Quantita-
tion was performed using ImageQuant software.

In Vivo Site-directed Mutagenesis—Chromosomal mutations
were performed by site-directed mutagenesis using oligonu-
cleotides as described previously (38). In brief, the CORE cas-
sette, containing the markers URA3 and KanMX, was recom-
bined into the L/RAI promoter in place of the TATA element.
Integration was scored by G418 resistance. Oligonucleotides
were designed with the desired sequence elements (TATAA,
MLP-F, MLP-R, and TGTA) and 45 bases of homologous
sequence on either side to allow for efficient recombination to take
place. Double-stranded, completely overlapping sequences were
annealed and transformed at varying concentrations (25—125 ug)
to achieve the maximum recombination efficiency. Homolo-
gous recombinants were selected by growth on 5-FOA, and
integration was confirmed by colony PCR using primers that
flank the LJRA I promoter region, as well as sensitivity to growth
on media containing G418. Total genomic DNA was harvested
from positive colonies, and the L/RA 1 promoter was sequenced
to verify the sequence change. Strains were transformed with
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TABLE 1
URAT probes

URAI FP T

CTA GBA TGC CCA TCA CCA AAA AAT AAA AAA AGC TTT
TT ACG GGT AGT GGT TIT TTA TIT TIT TCG AAA

URAI FP B

ATA TAT GGC ATG GCA TAC GCA TCG GGA ACC
TAT ATA CCG TAC CGT ATG CGT AGC CCT TGG

URAI FP T (continued)
GGT ATT CTT CTC TIG GAT TAC ACA GTT TGG ACT G

CCA TAA GAA GAG AAC CTA ATG TGT CAA ACC TGA CTT AA
URAI FP B (conti

AlT

CTA GAA AGC ATA TAT GGC ATG GCA TAC GCA TCG GGA ACC GGT ATT CTT CTC TTG GAT TAC ACA
TT TCG AAA TAT ATA CCG TAC CGT ATG CGT AGC CCT TGG CCA TAA GAA GAG AAC CTA ATG TGT

AlB

ALT (continued)

GTT TGG ACT G

CAA ACC TGA CTT AA
Al B (conti

CTA GAA TGC CCA TCA CCA AAA AAT
TT ACG GGT AGT GGT TIT TTA

A2 B

A2-2T

CTA GAA TGC CCA TCA CCA AAA

TTIT ATA TAT GGC ATG
ABA TAT ATA CCG TAC TTA A

HE
HE

iC ATA TAT GGC ATG GCA
TCG AAA TAT ATA CCG TAC CGT TTA A

35
18
1%

TT ACG GGT AGT GGT TTT
A2-2B

CTA GAA TGC CCA TCA CCA AAA
TT ACG GGT AGT GGT TTT

A3B

A3-2T

CTA GAA TGC CCA TCA CCA AAA AA’
TT ACG GGT AGT GGT TTi

A3-2B

A3-3T

CTA GBA TGC CCA TCA CCA AAA AAT AAA

AGC TGG CTA TAA AAG GGG
TCG ACC GAT ATT TIC CCC TTA A

35
1%
1%

AGC TGG CTA TAA AAG GGG GTG G
TIT TCG ACC GAT ATT TIC CCC CAC CTT AA

3

AAA AGC TGG CTA TAA AAG GGC ATG GCA
TT ACG GGT AGT GGT TTA TTT TIT TCG ACC GAT ATT TIC CCG TAC CGT TTA A

A3-3B

CTA GAG GAT CCC CGA CCG GGT GTT CCT GAA GGG GTT ATA TAT GGC ATG
TC CTA GGG GCT GGC CCA CAA GGA CTT CCC CAA TAT ATA CCG TAC TTA A
A4B
A42T
CTA GAG GAT CCC CGA CCG GGT GTT CCT GAA GGG GTT TAT ATA TGG CAT GGC A
TC CTA GGG GCT GGC CCA CAA GGA CTT CCC CAA ATA TAT ACC GTA CCG TTT AA
Ad-2 B

C:L'A GAA AAA AGC TTIT ATA TAT GGC ATG GCA TAC GCA TCG GGA ACC GGT ATT CTT CTC TTG GAT TAC
TT TIT TCG AAA TAT ATA CCG TAC CGT ATG CGT AGC CCT TGG CCA TAA GAA GAG AAC CTA ATG
ASB

AS T (continued)

ACA GIT TGG ACT G

TGT CAA ACC TGA CTT AA
ASB

CTA GAA TGC CCA TCA CCA AAA AAT AAA AAA
TT ACG GGT AGT GGT TTa TIT TIT
A6B

TTT ATA TAT GGC ATG GCA TAC G
G AAA TAT ATA CCG TAC CGT ATG CTT AA

CTA GAA TGC CCA TCA CCA AAA AA
TT ACG GGT AGT GGT TIT TT:
A7TB

iC ATA TAT GGC ATG GCA TAC GCA TCG
TCG AAA TAT ATA CCG TAC CGT ATG CGT AGC TTA A

=8

iC ATA TAT GGC ATG GCA TAC GCG

A8T
CTA GAA TGC CCA TCA CCA AAA AAT
A TCG AAA TAT ATA CCG TAC CGT ATG CGC TTA A

TT ACG GGT AGT GGT TTIT TT:
A8B

CTA GAA AAG CTT TAT ATA TGG CAT GGC ATA CGC ATC GGG AAC CGG TAT TCT TCT CTT GGA TTA CAC
TT TIC GAA ATA TAT ACC GTA CCG TAT GCG TAG CCC TTG GCC ATA AGA AGA GAA CCT AAT GTG
AIB

A9T (continued)
AGT TTG GAC TG
TCA AAC CTG ACT TAA
A9 B (conti
MLPA3 T
CTA GAG GAT CCC CGA CCG GGT GTT CCT GAA GGG GGG CTA TAA AAG GGG GTG G
TC CTA GGG GCT GGC CCA CAA GGA CTT CCC CCC GAT ATT TTC CCC CAC CTT AA
MLP A3’ B

LEU2-marked plasmids carrying MOT1 or motI-42 prior to
transformation with the double-stranded oligonucleotides so
that growth on 5-FOA indicated colonies that had lost both the
CORE cassette and the L/RA3 plasmid from the original MOT1
shuffling strain.

Protein Purification—Full-length yeast Motl was isolated to
apparent homogeneity from a yeast overexpression system as
described previously (34). Full-length yeast TBP and TBP core
domain (TBPc) were isolated to apparent homogeneity using bac-
terial overexpression systems as described previously (39). A bac-
terial expression plasmid for production of TBP E188C was con-
structed using standard procedures (40). TBP E188C was
expressed and purified as described for the wild-type protein (39).

Footprinting and Electrophoretic Mobility Shift Assays—
These assays were performed as described (29, 31, 41) using the
radiolabeled probes shown in Table 1. The DNA concentration
in each reaction was <1 nwm, and the concentrations of TBP,
Motl, and ATP are indicated in the figure legends. DNA
molecules were radiolabeled by the Klenow fill-in reaction
using [a-**P]dCTP or [a-**P]dATP to label the top or bottom
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strand and to achieve the DNA fragment lengths shown in Fig.
5. Table 1 shows the annealed oligoduplexes with their names
written above and below the annealed strands. In Table 1, T or
B signifies the top (written 5" to 3") or bottom strand (written 3’
to 5'), respectively. The probes used in Fig. 5 were named as in
Table 1 without the T or B designations; the probes with the
suffix C indicate labeling was performed using [a->*P]dCTP,
whereas those probes with no suffix were labeled with
[a->*P]dATP. Footprinting was performed using the URA 1 FP1
probe or, in the case of TATA box mutants, analogous probes
with the indicated sequence changes. Kinetic analysis was per-
formed by quantifying the change in the TATA box footprint
as described (30).

Hydroxyl Radical Footprinting and Fe-BABE Cleavage
Assays—DNA fragments of ~100 nucleotides bearing approxi-
mately centered AAMLP or URAI TATA elements were pre-
pared by PCR amplification of plasmids pRW2 and pURA1 using
the primers GCAGGTCGACTCTAGAGGAT, TCGCAGACA-
GCGATGCGGAA and GGTGGCGGCCGCTCTAGAAT,
TGTAATCCAAGGAAGAATA, respectively. A single **P
end label was introduced by kinasing one of the primers in each
amplification. The products were purified on 5% native acryl-
amide gels; the full-length DNA was electroeluted from a gel
slice. Changes in the solvent accessibility of the DNA as a func-
tion of TBP binding were probed by its reactivity to hydroxyl
radicals ("OH) produced by the Fenton reaction (42). Produc-
tion of the ‘OH was initiated by simultaneous mixing of 0.9% of
H,O, and 7 mm Fe(II)-EDTA with the solutions of DNA or
DNA-protein complex in 50 mm Tris-HCI, pH 8, 60 mm KCl, 5
mm MgCl,, 1 mm CaCl,, 0.01% Brij, 0.1 mm EDTA, 0.1 mMm
dithiothreitol. The footprinting reaction was terminated at 1
min by addition of thiourea to 30 mm. The [**P]DNA was eth-
anol-precipitated, and the fragments resulting from *OH cleav-
age were separated by denaturing PAGE. Autoradiograms of
the gels were obtained by exposure to phosphor storage plates
and quantitated with single band resolution using the SAFA
software (52). The intensity of each band was normalized for
the average intensity of resolved bands in the lane. Relative "OH
reactivity was calculated as the difference in the normalized
band intensities for the DNA-protein complex and the DNA
alone.

TBP E188C was labeled by FeBABE using the ProFound™
protein interaction mapping kit (Pierce). The labeling proce-
dure described in the manufacturer’s manual was followed
exactly except for the condition for the conjugation of the
FeBABE. TBP E188C was conjugated with FeBABE at 20 °C for
3 h to prevent protein denaturation. The **P-end-labeled DNA
fragment was incubated with FeBABE-labeled TBP E188C at
25 °C for 30 min in 50 mMm Tris-HCI, pH 8, 60 mm KCl, 5 mm
MgCl,, 1 mm CaCl,, 0.01% Brij, 0.1 mm EDTA, 0.1 mwm dithio-
threitol. The cleavage reaction was initiated by addition of
ascorbic acid and the stable peroxide reagent provided in the kit
(Pierce). The reaction was quenched after 30 s by the addition of
2.5 volumes of absolute ethanol. The DNA fragments resulting
from cleavage were separated and visualized as described
above. A “DNA only” control lane contained all the reagents
except for TBP E188C. Each band density was divided by an
average density for all the analyzed bands in its lane. Presented
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A i s placement. To determine whether
- - - [T T e~ the TATA region of the URA1 pro-
Lo [ T R B R A | moter is functionally significant, we
220 200 -180  -160  -140  -120  -100 -80 -60 40 deleted it from the chromosomal
: copy of the gene. The 7-bp deletion
S. cerevisiae -132 aagcTTTATATATGgcat -1156 — removed both of the potential bind-

S. bayanus -124 a-tcTTTATATATGgctt -108 TTTATATATG . . .
S ing sites for TBP discussed above.
S. mikatae -121 aagtTTTATACACAgcat -103 AAATATATAC North blotti h d that
S. loxus 131 a-gcTTTATATATGgcat -115 orern ctting siowe a
o PATECOTRS. 18 > g el i_%* 2 URAI RNA was reduced about
10-fold in the TATAA strain com-

C 1.2

UAAT TATA: ABAAGCTTTATATATGGC
URAT TATAA: AAAAAGTATGGC

0.8

0.6

0.4

Relative URA1 Message Level

0.2

—

WT mot1-42

==

mot1-42
TATAA

-

TATAA

uralA

FIGURE 1. Organization of the URA1 promoter and requirement for the URA1 TATA element in vivo.
A, schematic of the URAT locus and 5’-untranslated region showing the locations of regulatory regions iden-
tified through prior molecular studies and phylogenetic sequence alignments. The location of the TATA box is
indicated by the hatched box, and the transcription start sites (43) are shown by the arrows. The URAT promoter
harbors two binding sites for the Ppr1 transcription factor (52, 53) (blue boxes, UAS jz,4), as well as two conserved

pared with wild-type cells (WT)
(Fig. 1C). The effect of TATAA was
quantitatively similar to the decrease
in URAI1 RNA observed in motl-42
cells bearing a WT URAI promoter.
The reduced expression of URAI
RNA driven by the TATAA promoter
was further decreased in motl-42
cells, indicating that the feeble expres-
sion driven by the TATAA promoter
was still at least partially Motl-
dependent (Fig. 1C).

In Vitro Analysis of TBP Binding to
the URAI Promoter—Having con-
firmed that this TATA element is
critical for UURA I expression in vivo,
we next tested whether TBP inter-
acts with the TATA element in vitro

sequences (purple boxes) that may be also be involved in URAT transcriptional control (43). The URAT gene

product is required for uracil biosynthesis (43). In our strain background, Ppr1 is required for URAT expression;
however, transcriptional activity is insensitive to the level of uracil in the media (data not shown). Numbers
indicate position relative to the start of translation, ATG. B, sequence alignment showing the TATA element of
URAT in four yeast strains. Note the S. cerevisiae“conventional” TATA element TATATATG and the overlapping
reverse TATA element TTTATATA (shown in red). Asterisks indicate identical base pairs, and numbers are relative
to the start of translation. The top and bottom strands of the S. cerevisiae sequence are shown on the right, with
the overlapping putative TATA elements marked by brackets. C, quantitation of URAT message levels in the
indicated strains, determined by Northern blotting. The 7-bp region shown in red (top right) was deleted in the
TATAA strains. URAT RNA levels were normalized to the levels of ACTT RNA in the same samples. Errors are
standard deviations obtained from three separate RNA samples for each strain.

is the difference between the normalized band densities in the
TBP E188C-FeBABE-containing and DNA-only lanes.

RESULTS

A Functional, Conserved TATA Element in the URAI
Promoter—The URA1 promoter was chosen for detailed anal-
ysis because our previous work showed that it is a direct target
of Mot1-mediated activation (26). Additionally, the L/RAI tran-
scription start sites were previously mapped (43), and the pro-
moter harbors a well defined, phylogenetically conserved
TATA element (Fig. 1, A and B). The TATA element is unusual
in containing two overlapping potential TBP-binding sites ori-
ented in opposite directions. Based on prior work (22, 44), the
top strand sequence TATATATG would be predicted to
direct TBP binding in the appropriate orientation and distance
for transcription initiation at the previously mapped URAI
start sites, whereas the overlapping bottom strand sequence,
TATATAAA, would be predicted to bind TBP in the opposite
orientation. The arrangement was intriguing because an inap-
propriately oriented TBP would interfere with PIC formation
and might be a preferred substrate for Motl-mediated dis-
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and if Motl modulates the interac-
tion of TBP with the promoter.
Although Motl enzymatically dis-
places TBP from DNA, one possibil-
ity was that its requirement for
URA1 activation was because of an
alternative biochemical activity
specified by the promoter sequence.
For example, Motl might be
required for delivery of TBP or a TBP-containing complex to
the URA1I promoter, as suggested by in vivo studies of other
Motl-activated promoters (24). However, a unique, TBP-
bound complex was readily detectable by gel mobility shift
analysis using a radiolabeled L/RAI promoter probe and TBP
alone (Fig. 2A, lane 2). The TBP-DNA complex was further
shifted to slightly slower mobility by TFIIA (Fig. 24, lane 5
versus lane 2); a greater shift was seen with the addition of Mot1
(Fig. 24, lane 3 versus lane 2). Note that Mot1 can also stabilize
TBP binding to weaker sites on the DNA probe, which explains
why addition of Mot1 can result in the formation of more than
one higher order complex (27). These results show that there is
a high affinity TBP-binding site on the /RAI probe, and Mot1
is not required for stable binding of TBP to the promoter. Addi-
tion of ATP resulted in Mot1-mediated clearance of TBP from
the probe (Fig. 24, lane 4 versus lanes 2 and 3), indicating that
although Motl activates URAI expression in vivo, the bio-
chemical activity of Motl measured using the UURAI probe is
similar to results obtained with other TATA sequences.

Next, DNase I footprinting was used to locate bound TBP
along the L/RA1 probe. As shown in Fig. 2C, the TBP footprint
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WT: CTTTATATATG
Mut1: CTTTATAGCGG
Mut2: CGCTATATATG

1234 567 8910 12 14 16 18

FIGURE 2. Interaction of TBP with the URAT promoter in vitro. A, electrophoretic mobility shift assay using
radiolabeled URAT promoter DNA. TBP (14 nm) was incubated with the probe for ~20 min at 22 °C, followed by
the addition of Mot1 (9.2 nm), TFIIA (10.5 “units” of recombinant TBP-DNA binding activity (54)), and/or ATP (25
um) for 5 min prior to loading on the gel. Arrows indicate the positions of the TBP-DNA, Mot1-TBP-DNA, and
TFIIA-TBP-DNA complexes. B, sequences of the TATA regions of the WT, Mut1, and Mut2 probes used for
footprinting. Mut1 alters both putative TATA sequences; Mut2 eliminates only the reverse TATA sequence (see
Fig. 1B). Deviations from the WT sequence are underlined. C, DNase | footprinting experiment in which TBP was
incubated with URAT DNA. The reactions contained 5.6, 14, 33.6, 56, and 14 nm TBP in lanes 2- 6, respectively.
Reactionsin lanes 12 and 16 contained 14 nm TBP; reactions in lanes 13 and 17 contained 33.6 nm TBP. Reactions
in lanes 7 and 8 contained 12 units of TFIIA. Lanes 9 and 10 show markers obtained by restriction enzyme
digestion of the URAT probe and were used to assign positions of the other bands on the gel. Note the TBP
footprint from —127 to —115 (with respect to the start codon) that was observed using the WT probe only.

was centered over the TATA box, but the location of TBP could
not be determined precisely because the A/T-rich DNA just
upstream of the TATA element was refractory to DNase I cut-
ting, and because DNase I typically generates footprints that are
larger than the actual protein-binding sites (45). We observed
no change in the DNase I footprint when TFIIA was added to
the reaction even though TFIIA extends the TBP footprint
asymmetrically on some templates (46) (Fig. 2C, lane 6 versus
lanes 2-5). These data do not distinguish between the oppo-
sitely oriented overlapping TATA box sequences.

To better define the location of TBP on the TATA region,
two TATA substitution mutants were analyzed (Fig. 2, B and
C). Substitution of 3 bp in TATA mutant 1 disrupts both of the
potential TBP-binding sites, so its failure to support TBP bind-
ing was not surprising. TATA mutant 2 alters the potential
TBP-binding sequence in the orientation opposite to the direc-
tion of transcription, whereas the top strand TATA sequence
TATATATG, an apparently quite reasonable TBP-binding
site, remains intact. The remarkable absence of TBP binding to
the mutant 2 template suggests that TBP alone cannot bind to
the predicted high affinity site appropriately oriented for tran-
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scription. Moreover, the impor-
£ tance of base pairs at the upstream
E n Murt e edge of the TATA element suggests
g o that TBP preferentially binds to the

URA1 promoter in the opposite
direction of transcription. This
reverse orientation is a potential
molecular explanation for the “inac-
tive” TBP-containing complex that
accrues at Motl-activated promot-
ers when Motl is depleted in vivo
(26).

Using a DNA probe containing
the high affinity TATA sequence
from the adenovirus major late pro-
moter (AAMLP; TATAAAAG), we
have shown that Motl interacts
with DNA upstream of the TATA
box (31). This interaction was
observed for both TBP and its
C-terminal core domain (TBPc)
(Fig. 3A). This experiment was per-
formed with both TBP and TBPc to
permit comparison of the new
URA1 studies described below with
the previously published work (31).

In contrast, titration of Motl to
pre-formed TBP-URAI DNA com-
plexes resulted in changes in the
footprint downstream of the TATA
element (Fig. 3B). The Motl-in-
duced modulation of DNase I cleav-
age was unusual in that extension of
the footprint was because of sup-
pression of TBP-induced enhanced
cleavage (Fig. 4). Motl suppressed
DNase I cleavage in the downstream
DNA below that observed in the naked DNA control at only
two positions (Fig. 4, asterisks). Thus, it was unclear if Mot1
protects the DNA downstream of TATA or if it alters the con-
formation of the TBP-DNA complex so as to alleviate enhanced
downstream DNase I cutting.

The Mot1-TBP interaction on the URAI promoter was fur-
ther probed using the TBP mutant K145L. Lys-145 is located on
the “top” surface of TBP opposite the DNA binding surface,
and this residue is critical for Mot1 binding to TBP bound to the
AdMLP (29). The DNase I footprint on L/RAI was unchanged
when Motl was added to TBP-K145L-URA1 complexes (Fig.
3B), indicating that this residue is important for Mot1 binding
to TBP on the UURAI promoter as well as the AAMLP. A similar
result was obtained using TBP-K138L, another mutant that has
been shown previously to be defective in interaction with Mot1
(29; data not shown). The results show that although Motl
interacts similarly with TBP on both the AAMLP and URAI
probes, the organization of the DNA-bound proteins differs.

DNA Downstream of TATA Is Required for Motl Binding to
TBP-URA1 DNA—Gel mobility shift assays were performed
using probes of decreasing length to determine the DNA that is

-- - - e et
-- e - e
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Taken together, the results show
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FIGURE 3. Organization of the Mot1-TBP-URA1 DNA complex. A, DNase | footprinting analysis of TBP and Mot1
binding to the radiolabeled AAMLP probe containing the TATA element TATAAAAG. The reactions contained no
added protein (7st lane), full-length TBP (14 nm, 2nd and 3rd lanes), TBP core domain (TBPc, 8 nm, 4th and 5th lanes),
and 11.6 nm Mot1 (3rd and 5th lanes). Reactions were incubated at 22 °C for ~20 min and then processed as
described previously (31). The TBP footprint is indicated by the long vertical lines, and upstream protection induced
by Mot1 binding is shown by the asterisk. B, DNase | footprinting experiment in which Mot1 was added to TBP-URAT
DNA complexes. DNA and 14 nm TBP (WT or K145L) were incubated together for ~20 min at 22 °C, followed by the
addition of Mot1 asfollows: 1.2 nmto lanes 3and 8;3.6 nmto lanes 4and 9; 7.2 nmto lanes 5 and 10;and 10.8 nmto lanes
6 and 11. After ~5 min of incubation, reactions were processed as described (31). Lanes 1 and 12 show free DNA.
Vertical lines indicate the TBP footprint, and asterisks indicate downstream positions where digestion was inhibited

by Mot1 below the level of digestion seen in DNA alone (see Fig. 4).

required for Motl activity on the URAI promoter. Represent-
ative primary data are shown in Fig. 54, the quantified results
from multiple experiments in Fig. 5, B and C, and the overall
conclusions in Fig. 5D. On the AAMLP (27), DNA upstream of
the TATA box was required for Motl binding and ATP-de-
pendent TBP-DNA dissociation, whereas downstream DNA
was not required (MLP A3’ probe, Fig. 5, C and D). This behav-
ior strikingly contrasts with the {RAI probes. Downstream
URA1 DNA was required for Motl binding and catalysis,
whereas upstream DNA was not (e.g. compare probe A2 versus
WT in Fig. 5A; see also results with A1C and A2-2Cin Fig. 5, B
and D). A URA1I probe with 15 bp of 3'-flanking DNA (probe
A6) was the shortest probe tested that supported Mot1 action.
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architecture and functionality of
Motl1-TBP-DNA ternary complex
in addition to the identity of the
TATA box.

It is important to note that
regardless of the probe used, there
was a requirement for at least a
short sequence of duplex DNA
abutting the TATA sequence. For
example, although the AdMLP
TATA element had the capacity to switch the flanking DNA
requirement of the L/RA 1 probe, between 6 and 9 bp of flanking
DNA were required on the opposite side of the TATA box. This
requirement can be seen in the activity of the A3-3C probe,
which possessed 9 bp of downstream flanking DNA and sup-
ported Mot1 activity, versus the A3 probe which possessed a
long upstream DNA tail but was inactive with only 6 bp of
downstream flanking DNA.

Preferential Reversed Orientation of TBP Binding to the
URA1 Promoter—TBP occupancy of the oppositely oriented
URA1 TATA box (Fig. 2), the Mot1 downstream footprint, and
the requirement for downstream DNA (Figs. 3 and 5) suggest
that the orientation of TBP and Mot1 is reversed relative to the
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FIGURE 4. Quantitation of URAT DNase | footprinting results. The graph
shows the relative band intensities measured from the gel image shown in
Fig. 3B, lanes 1- 6, obtained by single band peak fitting (49, 55). Note that the
addition of Mot1 resulted in suppression of DNase | digestion at downstream
positions, but at only two positions (asterisks) was the digestion reduced
below the level of digestion seen in reactions with DNA alone. Thus, Mot1
reduced the enhanced downstream digestion attributable to TBP, rather than
generating a true extension of the TBP footprint.

AdMLP. To precisely localize the binding of TBP to the L/RA1
promoter, we turned to hydroxyl radical footprinting. Because
of its small size and relative insensitivity to base sequence, the
hydroxyl radical provides higher resolution information about
protein-DNA complexes compared with DNase I (47). Full-
length TBP and TBP core domain (TBPc) behaved similarly in
these experiments; both proteins were analyzed to facilitate
comparison with published work (31).

The hydroxyl radical footprints of TBPc and TBP binding to
the AAMLP TATA box (Fig. 6A) were consistent with previous
studies (47). The top strand protection was asymmetric with
the greatest protection at T3; the bottom strand protection was
more evenly distributed over the first six nucleotides. Only
when the orientation of the LIRA1 probe was inverted (Fig. 65)
did the strand-specific patterns of hydroxyl radical protection
mimic the AAMLP. The deepest protection on the top was on
the consensus half of the indicated TATA box; the protection
on the bottom strand was more evenly distributed. These sim-
ilarities (and the mutational results shown in Fig. 2C) suggest
that it is the reverse TATA element defined by the bottom
strand sequence that binds TBP at the L/RA1 promoter.

Although the hydroxyl radical footprinting patterns suggest
that only the reverse TATA box binds TBP, these data do not
directly address the orientation of the bound protein. FEBABE
was conjugated to TBP carrying a cysteine residue at the tip of
the C-terminal stirrup (Fig. 7A) to directly test if TBP binds to
the LURA 1 promoter in a unique orientation opposite that of the
AdMLP. The FeBABE moiety generates a localized “spray” of
hydroxyl radicals that cleave DNA in the vicinity of the tethered
reagent.

Because TBP stirrups bind at the ends of the TATA box
sequence, the location of DNA cleavage reveals the orientation
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of the bound protein (8). If TBP binds with a preferred orienta-
tion appropriate for PIC assembly, FeBABE tethered to the
C-terminal stirrup is predicted to preferentially cleave the DNA
at the upstream edge of the TATA box and farther upstream
with one helical turn periodicity (7, 8). Indeed, FeBABE cleav-
age was seen for the top strand of the AAMLP at the upstream
end of the TATA box and one helical turn farther up the
DNA (Fig. 7B). Upstream cleavage of the bottom strand was
also observed in helical phase with the FeBABE moiety.

The agreement of the observed FeBABE reactivity pattern
with TBP bound in a single orientation is seen when the reac-
tivity pattern is mapped onto the structure of the TBPc-DNA
complex; the highest reactivity was observed in the DNA imme-
diately adjacent to the FeBABE moiety followed by high reac-
tivity in more distant regions within a “clear line of sight” (Fig.
74, the site of coupling of the FeBABE moiety is colored yellow;
also see supplemental Fig. S1). Protection from FeBABE cleav-
age was clearly evident in regions of the DNA obscured from
the moiety by either TBP itself or the helical phasing of the
DNA. This interpretation was reinforced by inspection of
the reactivity in relation to the symmetric residue Lys-97 on
the opposite stirrup (Fig. 7A, colored magenta). No DNA
reactivity was observed adjacent to Lys-97 or in-phase on the
downstream DNA. We consider this interpretation under
“Discussion” in relation to published TBP-DNA-directed
cleavage patterns (8, 48).

The FeBABE cleavage patterns of the L/RA I and AAMLP pro-
moters are strikingly similar when the orientation of the URA 1
sequence is inverted (Fig. 7B) as was observed for the hydroxyl
radical cleavage patterns (Fig. 6B). We conclude from the
results presented in Figs. 6 and 7 that TBP binds to the TATA
box defined by the bottom strand L/RA I sequence in a preferred
orientation opposite to its orientation on the AAMLP. This
opposite orientation to the start of transcription is thus pre-
dicted to be responsible for the opposite orientation and flank-
ing DNA requirement of Mot1 bound to the L/RAI promoter.
The results suggest that TBP does not on its own interact with
the LURA1 promoter in an orientation that supports transcrip-
tion of the LURA I open reading frame.

Kinetic Analysis of Mot1 Catalytic Activity—The unexpected
organization of the TBP-DNA and Mot1-TBP-DNA complexes
formed on the URAI template prompted us to consider that
quantitatively different complex stabilities might contribute to
the differential sensitivity of the UURA1 promoter to Motl
action. TBP bound to LURA1 DNA with a K, of 5.4 = 0.3 nM, as
determined by DNase I footprint titration (not shown), compa-
rable with that measured for the AAMLP. However, the kinetics
of TBP binding to these two promoters differ (see supplemental
Table S1). TBP bound to the UURA 1 promoter was about 4-fold
more stable compared with the AAMLP (Fig. 84; supplemental
Table S1; ti, = 70.4 * 8.3 versus ~18 min, respectively (31)).
The Mot1-TBP-URAI DNA complex was also distinguishably
different. On URAI DNA, the ternary complex behaved as a
single, highly stable species with a dissociation half-time of
181.9 * 67.2 min (Fig. 8B8). On the AAMLP TATA, the ternary
complex dissociation was biphasic, with about half the com-
plexes displaying very short half-lives and about half the
complexes much longer lives (31) (supplemental Table S1).
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FIGURE 5. DNA downstream of TATA is required for Mot1 binding and dissociation of TBP from URA1
DNA. A, representative electrophoretic gel mobility shift experiment performed as in Fig. 2A using either
radiolabeled WT URAT DNA or A2, a URAT fragment truncated on the downstream site of the TATA box (see
schematic in D). Band C, quantitation of gel mobility shift results for the indicated DNA probes. The bar height
represents the relative free DNA in each reaction, = S.D., determined from at least three independently per-
formed experiments. F, free DNA; T, reaction containing 14 nm TBP; TM, reaction containing 14 nm TBP and 11.6
nm Mot1; TMA, reaction containing 14 nm TBP, 11.6 nm Mot1, and 25 um ATP. D, schematic of the DNA probes
used in the experiments in A-C, and summary of the results. The top set of nine probes was derived from the
URAT promoter. The open rectangle represents the TATA element sequence denoted above it, and the numbers
above the flanking DNA segments indicate their lengths in base pairs. The A2-2C, A2, A6, A8, and A7 probes
possess 30 bp of flanking DNA upstream of the TATA sequence and varying lengths of 3’-flanking DNA as
indicated. The A5, A9, and A1 probes possess 60 bp of 3'-flanking DNA and varying lengths of 5'-flanking DNA
as indicated. The bottom set of seven probes was derived by combining portions of the URAT and AdMLP
promoters, plus appropriate controls. MLP A3’ is derived entirely from the AAMLP promoter. In this and other
probes in this series, the shaded rectangle represents the AAMLP TATA sequence, TATAAAAG, and the thick
black bars indicate AMLP upstream or downstream sequence. As in the first set of probes, the lengths of
flanking DNA, in base pairs, are indicated above the DNA segments. A2-2C is shown twice in D simply to make
comparison with other constructs easier. A4-2C and A4 probes possess the indicated lengths of AAMLP flank-
ing DNA upstream of the URAT TATA box and the indicated lengths of URAT 3'-flanking DNA. Probes A3-2C,
A3-3C, and A3 possess the ADMLP TATA sequence but URAT 5’'-flanking DNA. The 3’-flanking DNA for A3-2C
was from the AAMLP promoter, whereas the 3’-flanking DNA for the A3-3C and A3 probes was derived from
the URAT promoter. A check mark indicates that TBP complexes formed on the indicated probe formed ternary
complexes with Mot1 and were dissociated in the presence of Mot1 and ATP. An X indicates that Mot 1 binding
was poor or undetectable, and little or no catalysis of TBP-DNA dissociation was observed in reactions contain-
ing ATP. In no case was ternary complex formation observed without ATP-dependent catalytic activity.

Partial Bypass of the Motl
Requirement in Vivo by a Bidirec-
tional TBP—The above results
establish the propensity of TBP to
associate with the URAI promoter
in the opposite orientation as that
required for appropriate PIC assem-
bly. Because previous chromatin
mapping analysis indicates that the
URA1 promoter is not occluded by
nucleosomes (26), we suggest that
TBP can bind in the reverse orienta-
tion to the URA1 promoter in vivo.
TBP binding orientation cannot be
measured directly in vivo, but by
manipulating the sequence of the
URAITATA or TBP, several exper-
iments were performed to test the
idea. First, we took advantage of a
TBP allele, A100P, whose alteration
on the DNA binding surface per-
mits utilization of a reverse TATA
element in vivo (35) (Fig. 9A4). This
allele does not support cell viability
as the sole source of TBP (data not
shown), so it was introduced into
cells expressing wild-type TBP as
well. As shown in Fig. 9B, expres-
sion of TBP A100P had no effect on
growth of wild-type cells but aggra-
vated the slow growth phenotype of
motl-42 cells. This effect on growth
was specific for the A100P allele
because it was not observed in cells
expressing TBP P191A or TBP
A100P P191A, alleles with a muta-
tion in the symmetrically positioned
residue on the DNA binding sur-
face, Pro-191, that do not have the
ability to direct transcription from a
reversed TATA element in vivo
(35). Interestingly, Northern blot
analysis (Fig. 9C) showed that
although expression of TBP A100P
had no significant effect on URAI
message levels in wild-type cells, it
could partially suppress the Motl

Thus, the effect of Mot1 on TBP-DNA complex behavior was
affected by DNA sequence.

Dissociation of the Motl-TBP-UURAI DNA complex was
measured following addition of ATP. The reaction was charac-
terized by a half-time 0f 0.96 = 0.1 min (Fig. 8C) and is the same,
within experimental error, as the rate measured under the same
conditions for the AAMLP (31) (supplemental Table S1). This
result indicates that Motl1 catalysis of TBP dissociation is not
influenced by the stability of TATA box binding but is rather
dictated by another rate-limiting aspect of the catalytic
mechanism.
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requirement for URAI transcription in motl1-42 cells. The
effect was specific because there was no effect of the other TBP
alleles on URA1I expression, and the positive effect of TBP
A100P on URA1 expression was observed even though expres-
sion of TBP A100P had a negative effect on cell growth.
Replacement of the TATA Box Does Not Obviate the Require-
ment for Motl in Vivo—The observation that a TBP allele with
relaxed binding polarity can partially bypass the requirement
for Motl is consistent with the hypothesis that displacement of
inappropriately oriented TBP is one function for Motl1 in gene
activation in vivo. The partial suppression of the Mot1 require-
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FIGURE 6. Hydroxyl radical footprinting of the TBP-URAT DNA complex. The graphs show the extent of
hydroxyl radical DNA cleavage of TBPc-DNA (open circles) and TBP-DNA (closed circles) complexes formed on
the AAMLP (A) and URAT (B) DNAs. The blue box in A indicates the AAMLP DNA sequence bound by TBPc in the
co-crystal structure (6, 22). The blue box in B shows the DNA sequence contacted by TBP and TBPc in the URAT
promoter inferred by the effects of the TATA mutants and the similarities with the AAMLP footprinting pat-
terns. Note that compared with the AAMLP, the URAT sequence is inverted with respect to the direction of

transcription.

ment could be due to the presence of wild-type TBP in the same
cells, additional roles for Motl, or a more complex, possibly
indirect mechanism underlying the activity of TBP A100P. We
thus altered the sequence of the LIRA 1 promoter itself to deter-
mine how the TATA sequence influences the Motl require-
ment in vivo. As the architectures of ternary complexes are
reversed on AAMLP versus URAI probes in vitro, we replaced
the URAI TATA with the AAMLP TATA in both orientations.
As shown in Fig. 104, the AAMLP TATA sequence directed
levels of URA1I transcription comparable with the fully wild-
type promoter when the TATA was inserted in the same orien-
tation as it resides in the AAMLP promoter (“forward”). Strik-
ingly, expression from this AAMLP-URAI promoter was as
dependent on Motl as expression driven by the wild-type pro-
moter. Therefore, the identity of the TATA element alone is
not sufficient to specify the Motl requirement in vivo. This
TATA box orientation was important because the AAMLP
TATA inserted in the opposite orientation (“reverse”) did not
restore comparable levels of LUIRA I transcription, and the tran-
scription that was detectable was only weakly dependent on
Motl. These results are consistent with results shown in Fig. 5
demonstrating that ternary complex orientation can be influ-
enced by flanking DNA sequence as well as TATA sequence,
and indicate that simple ejection of TBP bound to the pro-
moter in the reverse orientation is not sufficient to explain
how Motl activates this promoter (although limitations of
this experiment are discussed below).
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expressing the TBPm3 allele. How-
ever, the results in motl-42 cells
show quite clearly that transcription
directed by TBPm3 is still strongly
Motl-dependent. The results in
Figs. 9 and 10 reveal that although
relaxation of TBP binding polarity
can partially bypass the require-
ment for Motl, the Motl require-
ment is nonetheless relatively independent of the identity of the
TATA box. The results indicate an important role for promoter
sequence context and suggest that Motl activates URAI tran-
scription by more than one mechanism.

DISCUSSION

Motl-mediated gene activation poses a conundrum. Multi-
ple lines of genetic and molecular evidence indicate that the
ATP hydrolysis-dependent displacement of TBP from DNA
by Motl occurs in vivo (13, 34). Moreover, the effect of Motl
on gene activation is direct in that it is present at Motl-acti-
vated genes in vivo (13, 24, 25). One model for how Mot1 acti-
vates gene expression is that it displaces stable, kinetically
trapped TBP-containing complexes from promoters to permit
the assembly of functional complexes. This model is supported
by the increased levels of TBP at Motl-activated promoters in
motl cells (26). TBP accumulation contrasts with the relative
depletion of TFIIB, certain TAFs, and RNA pol II at these same
promoters in motl cells (26). The model that Mot displaces
inactive TBP complexes is also consistent with the observation
that the global TBP population in cells is highly mobile, and the
mobility is entirely Mot1-dependent.> However, the depend-
ence on Motl for establishment of functional PICs is also con-
sistent with a co-activator function for Motl. A co-activator

3 Sprouse, R. 0., Karpova, T.S., Mueller, F.,, Dasgupta, A., McNally, J. G., and
Auble, D. T. (2008) Proc. Natl. Acad. Sci. U. S. A., in press.
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FIGURE 7. TBP-tethered FeBABE cleavage of URAT- and AAMLP DNA. A, model of the TBPc-DNA complex,
based on the yeast TBP-DNA co-crystal (7) to which extensions of duplex were appended to each end of the
DNA visible in the structure. TBP is shown in gray. The stirrup residue Glu-188, which was converted to cysteine
for conjugation to FeBABE, is colored yellow. Residue Lys-97 on the opposite stirrup that corresponds to the
position of E188 is colored magenta. The relative reactivity of the ADMLP DNA to FeBABE cleavage (B) is
color-coded in PyMOL as follows: increased reactivity is colored in shades of red ranging from red (=1.6X),
chocolate (1.3-1.6), firebrick (1-1.3), raspberry (0.7-1), dark salmon (0.4 -0.7), to salmon (=0.4). Decreased rela-
tive reactivity is colored in shades of blue ranging from density (= —0.9), blue (—0.6 to —0.9), tv blue (—0.3 to
—0.6), to slate (= —0.3). The coincidence of the regions of increased reactivity in shades of red with the site of
FeBABE conjugation (shown in yellow) indicates TBP is bound in a single orientation on both promoters.
B, graphs show the relative FeBABE-directed DNA cleavage on both strands and at each position of the AMLP
and URAT promoters as indicated. The light blue boxes mark the sequences contacted by TBP (Fig. 6). The URAT
and AAMLP sequences are oriented in opposite directions with respect to one another as in Fig. 6. Experiments
were performed in reactions containing either 10 or 30 nm TBP as indicated.

function for Mot1 could involve a novel biochemical activity, as
gene activation requires a functional Motl ATPase (13). Below
we discuss a new, general model for Motl activation that

24944 JOURNAL OF BIOLOGICAL CHEMISTRY

accommodates these observations
and the results presented here.

A Two-step Model for Mot1-medi-
ated Gene Activation—Three types
of biochemical results show that
TBP alone binds to the LURA1 pro-
moter in the wrong orientation to
support PIC formation. First, the
hydroxyl radical footprints of TBP
bound to the URAI and AdMLP
promoters are very similar to one
another, provided that the DNA
cleavage patterns are aligned such
that the UURA1 sequence is inverted
compared with that of the AAMLP.
Thus, URAI utilizes the TATA box
defined by the bottom strand
sequence to bind TBP. Second, the
TBP-FeBABE cleavage patterns on
the two promoter sequences resem-
ble one another, but again, only
when the digestion patterns are
compared when the promoter
sequence of URA1 is inverted rela-
tive to the AAMLP. Third, the Mot1
binding and displacement of TBP
from URAI DNA required down-
stream DNA, rather than the
upstream DNA required for
removal of TBP from the AAMLP.

It is important to point out that
the downstream DNA length
requirement at UJRAI is not a con-
sequence of the cooperative assem-
bly of Motl and TBP on the pro-
moter, because the downstream
length requirement was observed
when Motl was added to pre-
formed TBP-DNA complexes. The
opposite orientation of the URAI
ternary complex is most simply
rationalized by the biased binding
orientation of TBP alone. No evi-
dence indicates that Mot1 itself can
discriminate among different flank-
ing DNA sequences with which it
interacts.

The results of the FeBABE cleav-
age studies, together with the addi-
tional studies summarized above,
are consistent with TBP binding in
unique, reciprocally biased orienta-
tions to the AAMLP and URA pro-
moter sequences. A compelling
aspect of the FeBABE reactivity pat-

tern is its consistency with the TBPc-DNA structure (Fig. 7A)
and its absence of symmetry with regard to the TATA box
sequences. Our conclusion that TBP binding to the AAMLP is
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FIGURE 8. Dissociation kinetic analysis of complexes formed on the URA1
promoter. Radiolabeled URAT DNA probe was incubated with 14 nm TBP with
or without 15 nm Mot1. At time 0, an excess of unlabeled TATA DNA was
added to the reactions, and the extent of TATA box occupancy was deter-
mined by DNase | footprinting as described previously (31). A, rate of dissoci-
ation of the TBP-URAT DNA complex. The half-time value for the best fit to a
single exponential decay is 70.4 = 8.3 min. The TBP-DNA complexes formed
on the URAT template are about 4-fold more stable than those formed on the
AdMLP (31) (supplemental Table S1). B, rate of dissociation of the Mot1-TBP-
URAT DNA complex. The half-time value for the best fit to a single exponential
is 181.9 = 67.2 min. G, rate of dissociation of the Mot1-TBP-URAT DNA com-
plex in the presence of 25 um ATP, which was added at time 0. The half-time
value for the best fit to a single exponential is 0.96 = 0.11 min. This represents
an approximate 190-fold increase in the dissociation rate as a result of Mot1
ATP-dependent catalytic activity.
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preferentially biased differs from that derived from similar
studies using either 1,10-phenanthroline or fluorescence reso-
nance energy transfer to probe the orientation of TATA box-
bound TBP and TBPc, respectively, that demonstrated only a
weak bias for TBP binding in the correct orientation (8, 48).
There is no obvious reason for the differences observed
between the studies. Among the possibilities are subtle differ-
ences in the experimental conditions, protein preparation,
flanking DNA sequences, and the presence or absence of the
N-terminal domain (TBP versus TBPc). Further investigation
into the generality of the orientational bias of TBP-TATA box
binding is warranted.

As the footprint extension on the AAMLP resulted in near
complete protection of upstream DNA, and as Mot1 was able to
displace essentially all of the DNA-bound TBP with only an
upstream DNA extension (31), the analyses of Motl function
further support the conclusion that TBP is capable of binding to
the AAMLP in essentially one orientation. The alternative pos-
sibility is that TBP binds in both orientations but that somehow
Mot1 nonetheless binds in only one orientation with respect to
the DNA sequence. This latter possibility is difficult to envision
stereochemically, and it is also inconsistent with results show-
ing that Motl contacts specific residues on the top surface of
TBP, which are required for ternary complex formation on both
the AAMLP and URAI templates (29) (Fig. 3 and data not
shown).

Does reverse binding of TBP to the URA 1 promoter occur
in vivo? There is no method to measure TBP binding orien-
tation in vivo, but it is likely that TBP binds with this orien-
tational bias in vivo as well. Prior chromatin mapping anal-
yses demonstrated that the L/RA1 TATA box is accessible in
vivo (26, 50). Thus, the binding behavior of TBP to naked
DNA in vitro appears to be a reasonable model for under-
standing its binding behavior in vivo. One argument for how
reverse binding of TBP may be minimized in vivo is that TBP
may bind to the URAI promoter as a constituent of the
TFIID complex, rather than as free TBP. Consistent with this
suggestion, URAI transcription is TFIID-dependent (26).
Association of TAFs with other promoter sequences may
help properly orient TBP (5). On the other hand, a substan-
tial proportion of TBP is not stably associated with TAFs in
vivo.? Therefore, whereas functional PICs may assemble
from a complex nucleated by TFIID rather than TBP, the
high proportion of free TBP in cells implies that binding of
TAF-free TBP to the URAI promoter is almost certain to
occur in vivo. This being the case, because the polarity of the
PIC is determined by the binding orientation of TBP, we
propose that one critical step in L/RAI activation by Motl
involves the clearing of incorrectly oriented TBP from the
promoter. It is noteworthy that the results presented here
show that the TBP-URAI DNA complex is extraordinarily
stable in vitro, which may render the UURAI promoter espe-
cially sensitive to Mot1 in vivo. Presumably, TBP that inter-
acts with the TATA box in the correct orientation is then
stabilized by interactions with other PIC components, and
thus becomes refractory to Motl-mediated dissociation.
Support for this model comes from the partial suppression of
the Motl requirement for URAI transcription by TBP
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which the AMLP TATA element
perturbs TBP binding orientation
in vivo is unknown. Although
TBPm3 only interacts with the
TGTAAA sequence in the proper
orientation, the cells also possess
wild-type TBP that may compete
or interfere with TBPm3 binding
via interaction with neighboring
or overlapping sites. Thus, the
Motl requirement for URA1 tran-
scription driven by TBPm3 may
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FIGURE 9. A TBP allele with relaxed DNA binding polarity partially suppresses the requirement for Mot1
for URAT transcription in vivo. A, schematic representation of the TBP-DNA complex (7) showing the posi-
tions of alanine 100 (blue spheres) and proline 191 (magenta spheres). These two residues disrupt the symmetry
of the DNA binding surface and play a role in determining the binding orientation of TBP on promoter DNA
(35). B, spot assay showing the synthetic growth defect in mot1-42 TBP-A100P cells. 10-Fold serial dilutions of
the indicated strains were grown at 30 °C on synthetic media without leucine or tryptophan (for plasmid
selection) for 2-3 days. C, quantitation of URAT RNA levels, determined by Northern blotting, in MOT1+ and
mot1-42 cells, with TBP alleles as indicated. Note the approximate 4-fold increase in RNA level in the mot1-42
TBP-A100P strain compared with the RNA level in mot1-42 cells only harboring wild-type TBP. Relative URAT
RNA levels were normalized to ACTT in the same samples. Error bars are standard deviations from three sets of

samples.

A100P, an allele with relaxed binding orientation specificity
that can direct transcription from a reversed TATA element
in vivo (35). Regulation of transcription by a reverse TATA
element does not appear to be a general feature of Motl-
activated promoters; however, we suggest that transcription
may well be affected by spurious binding of TBP to inappro-
priate sites within core promoters susceptible to Motl
action.

Although the results presented here strongly suggest that
Motl functions in part by facilitating redistribution of TBP
binding orientation, this cannot explain entirely how Motl
activates URAI. Substitution of the URAI TATA box with
either of two other TATA sequences failed to diminish the
requirement for Motl, even in the case in which transcrip-
tion was largely dependent on TBPm3 binding to TGTAAA,
which fixes the orientation of TBP binding. Caveats to the
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reflect a role for Motl in regulat-
ing wild-type TBP binding else-
where on the URAI promoter
rather than, or in addition to, reg-
ulation of TBPm3-containing
PICs.

Limitations of the in vivo exper-
iments notwithstanding, the sim-
plest interpretation is that Motl
performs at least two different
functions in activation of URAI
transcription. The first activity is
to displace inappropriately bound TBP from the promoter,
which would otherwise interfere with productive PIC forma-
tion. The second function has not been delineated biochem-
ically, but because it cannot be bypassed by replacement of
the TATA box with other TATAs with different properties,
we suggest that Mot1 also functions as a co-activator in some
specific step in PIC assembly subsequent to the recruitment
of appropriately oriented TBP to the promoter. Although
there is no experimental evidence to date to speculate on
what such an activity may be, the L/RA 1 promoter appears to
provide an excellent model system for tackling this problem
biochemically.

Diversity in Motl Biochemical Activity on Different Promoter
DNAs—Previous results established a model of how Motl
recognizes TBP-DNA and uses docking of its ATPase on
upstream DNA to propel dissociation of TBP from DNA

TBP-A100P,
P191A
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FIGURE 10. Substitution of the URAT TATA box with other TATA
sequences does not bypass the requirement for Mot1 in vivo. A, URAT
message levels in WT and mot1-42 strains with the AAMLP TATA box inserted
in the forward (MLP-F) or reverse (MLP-R) orientation. The exact sequences of
the MLP-F and MLP-R constructs are shown (upper left). URAT RNA levels were
determined by Northern blotting and were normalized to the level of ACT7
RNA in the same samples. B, quantitation of URAT RNAin WT and mot1-42 cells
harboring WT TATA sequence or the TGTAAA substitution. TGTA strains were
transformed with plasmid vector or TBPm3 expression plasmid as shown.
Error bars are standard deviations derived from three determinations.

(31). The model was derived from multiple lines of biochem-
ical investigation and was consistent with general features of
DNA translocases. However, virtually all of the biochemical
studies were performed using model DNA templates that are
not physiologic targets of Motl action in vivo. Given the
complexity of the transcriptional regulatory activity of Mot1
in vivo, a key question was whether the biochemical studies
on such DNA templates accurately reflect Mot1 behavior at
natural target promoters. The results here show that basic
features of the Motl mechanism are similar at a natural tar-
get promoter, arguing for a consistency in TBP-DNA recog-
nition and ATP-dependent catalytic activity. For instance,
binding and displacement of TBP bound to URAI DNA
require flanking DNA, just like at the AAMLP template. The
requirements for the same residues on TBP and a similar
length in DNA extension are consistent with a similar mode
of recognition, and the requirement for a downstream DNA
extension rather than upstream can be explained entirely by
the opposite orientation of TBP.
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Interestingly, the Mot1-TBP-URA1 DNA complex is distin-
guishable from ternary complexes formed on the AAMLP in
possessing very high stability. Two populations of ternary com-
plex were detectable on the AAMLP in the absence of ATP;
about half the complexes were much less stable than the TBP-
DNA complex alone, whereas about half the ternary complexes
were much more stable than TBP-DNA alone (31). The uni-
formly high stability of Mot1-TBP-URAI DNA ternary com-
plexes (Fig. 8B) shows that ternary complex stability is influ-
enced by DNA sequence. The high stability of the LIRA I ternary
complex may be somehow related to the proposed co-activator
function of Mot1 described above. Moreover, the downstream
DNA length requirement for Motl on the URAI promoter
(=15bp) is slightly less than the upstream DNA length require-
ment on the AAMLP (17 bp), suggesting that Mot1 may have a
somewhat different conformation when associated with the
two DNAs. Biochemical results also show that although the
TBP-URA1 DNA complex is much more stable than the TBP-
AdMLP DNA complex, ATP-dependent dissociation of TBP by
Mot1 occurs with essentially the same rate on both templates.
Thus, the Mot1 catalytic rate is determined by some mechanis-
tic step that is unrelated to the stability of the TBP-DNA inter-
action or the DNA sequence. One possibility is that the rate is
determined by a sub-step in the ATPase cycle (e.g. ATP binding,
hydrolysis, or ADP/P; release) or a conformational change in
the ATPase.
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